INTRODUCTION
The Pier of Blankenberge which is located along the Belgian coast is a coastal structure consisting of a vertical core attached to an overhanging horizontal cantilever slab. Throughout high tides and storms, the structure is exposed to violent wave impacts, including waves running up against the vertical core and slamming on the horizontal deck. This introduces an important uplifting force. The lift forces consist of impact loads of high magnitude and short duration. It is reasonably impossible to substitute these impact effects by a static equivalent.
The pressure distribution due to the violent water wave impacts on a vertical wall with an overhanging horizontal cantilever slab is an important issue which is based on the kinematics of breaking waves. For the analysis, a data set from a small scale test set-up with a scale factor of 1:20 is used (see fig.1 ). Tests are conducted under regular waves for different values of water depth and wave period. Pressures are measured with 10 pressure sensors at various locations. The model is located 22.5 m away from the wave paddle on a uniform slope. The foreshore slope is 1/20. The physical model is instrumented with 10 pressure sensors to register wave impact pressures and related forces both on the vertical and horizontal parts. Free surface profile and breaker shape of the waves on the vertical wall are measured from the high speed camera (HSC) recordings. Nine wave gauges are installed near the structure respectively for active wave absorption, wave reflection and breaking wave height.
The scaled model faces two individual impacts, occurring sequentially on the vertical and horizontal parts. The locations of maximum pressures ‫(‬ ௫ ) both on the vertical and horizontal parts are important for designing such structures. An expression is being proposed for the location of ‫‬ ௫ ‫ݖ(‬ ௫ ) on the vertical part as a function of the wave steepness ‫ܪ(‬ ‫ܮ‬ ⁄ ). The location of ‫‬ ௫ is gradually decreasing from a point above the still water level (SWL) to a point below the SWL with increasing ݄ ௦ , where ݄ ௦ is the water depth at the model toe. On the horizontal part, ‫‬ ௫ is located at the attached corner of the scaled model and its magnitude decreases sharply below 10 ‫ܪ݃ߩ‬ between ‫݄/ݔ‬ ௦ ൌ 0.8 െ 1.
The largest impacts recorded on the vertical part have rise times ‫ݐ‬ 0.3 ‫ݏ݉‬ . Similar to the pressures measured on the vertical part, an inverse relation between ‫‬ ௫ and ‫ݐ‬ is found with a minimum rise time ‫ݐ‬ 0.15 ‫ݏ݉‬ on the horizontal part. Recently, Kisacik et al. (2012) described the loading conditions due to violent wave impacts on a vertical structure with an overhanging horizontal cantilevering slab based on the data, measured at a single water depth.
The boundary conditions for occurring of high dynamic pressures are determined both on the vertical and horizontal part. Accordingly, four different pressure distribution cases are proposed as slightly breaking waves (SBW), breaking waves with small air trap (BWSAT), breaking waves with large air trap (BWLAT), and broken waves (BW) for according to the breaker type.
One should keep in mind that a phase differences exists between these local peaks. Kisacik et al. (2012) measured phase differences around 0.0272 T and 0.0150 T (T is the wave period) between ‫‬ ଵ and ‫‬ ௩ଵ for cases of SBW and breaking waves. The pressure profile at the instant of maximum horizontal or vertical force or maximum overturning moment will be different and lower than the values calculated from these profiles. Therefore, the total forces calculated from these profiles will be a good estimation for the upper limits of forces measured on the vertical structures with an overhanging horizontal cantilever slab.
Within this paper, an overview of the small scale model test set up will be provided. This will be followed by the definition of the location of the maximum pressure. Then, the relationship between maximum pressure and rise time will be being discussed. In each breaker type the local pressure ratios are defined. Based on the discussion of the test results, conclusions will be formulated. 
LOCATION OF MAXIMUM PRESSURE,
On the vertical structures, defining the value of ‫‬ ௫ and its location ‫ݖ(‬ ௫ ) are quite important parameters for structural designers. In general, SWL is suggested as a good choice of ‫‬ ௫ in design. Most research locates ‫‬ ௫ in the vicinity of the SWL, depending on parameters like beach conditions, water depth [Kirkgoz (1982) and Hattori et al. (1994) ] and breaker type [Partenscky (1988) and Hull & Müller (2002) ]. Kisacik et al. (2012) showed that ‫‬ ௫ shifts from a position above SWL for SBW, to slightly below SWL for BWLAT. Similar findings are observed by Hull & Müller (2002) .
In the present work, the variation of ‫ݖ‬ ௫ with ݄ ௦ is studied. For each value of ݄ ௦ , a large data set which covers all breaker types from SBW to BW is considered and the highest pressures are mainly observed in the case of BWSAT. Figure 2 shows the variation of ‫ݖ‬ ௫ ݄ ௦ ⁄ with the wave steepness ‫ܪ(‬ ଵ ‫ܮ/‬ ), where ‫ܮ‬ is the deep water wave length. The ‫ܪ‬ ଵ value is the wave height (measured at the toe of the foreshore) which results in the highest impact pressure ‫(‬ ௫ ) on the vertical part. The resulting expression is given in Equ. 1.
(1) Figure 3 shows an example of the spatial distribution of ‫‬ ௫ both on the vertical and horizontal part for cases SBW, BWSAT, BWLAT and BW. The value of ‫‬ ଵ , ‫‬ ଶ and ‫‬ ଷ are the local peak pressure at the SWL and top and bottom of the vertical part respectively. Whereas, ‫‬ ௩ଵ shows the local peak pressure on the horizontal part. This is the location of sensor 8 which is very close to the attached corner (see Figure 1) . A combination of the maximum local peak pressures of all 10 sensors constitutes the pressure profile on the scaled model. One should keep in mind that a phase differences exist between these local peaks. For example, Kisacik et al. (2012) measured phase differences around 0.0272 T and 0.0150 T between ‫‬ ଵ and ‫‬ ௩ଵ for cases of SBW and breaking waves (include both BWSAT and BWLAT) respectively. Therefore, pressure profile at the instant of maximum horizontal or vertical force or maximum overturning moment will be different and lower than the values calculated from these profiles. However, the total forces calculated from these profiles will be a good assessment for structural equilibrium. Eq. 4a
PRESSURE DISTRIBUTIONS
Eq. 4b 
BOUNDARY CONDITIONS FOR OCCURRING DYNAMIC PRESSURES
As seen from Figure 3 , the pressure profiles of all four cases are quite different. Regarding design conditions, the region of occurrence of dynamic pressures is important in developing a generally feasible design method. Figure 4 shows the interval of wave height ‫ܪ‬ ଵ (measured at the toe of foreshore) which creates a high dynamic impact on the vertical part as a function of the clearance (ܿ) between SWL and the horizontal part. In the figure, ‫ܪ‬ ଵ is normalized by the water depth ݄ ௦ at the structure while ܿ is normalized by the model height (݄ ) (see Figure 1) . Through the normalization, the breaking wave impact region is correlated to ݄ ௦ while ܿ is correlated to the model geometry. The bottom x-axis shows the ratio of the maximum dynamic and quasi-static peak pressures ‫(‬ ௫_ௗ௬ / ‫‬ ௫_௦ ). For each value, the upper and lower boundaries of ு భ ೞ are defined at a threshold value corresponding to ‫‬ ௫_ௗ௬ ‫/‬ ௫_௦ 2.5. This criterion for defining a dynamic pressure region is suggested by Kortenhaus and Oumeraci (1998) 
PRESSURE PROFILES AT SBW
In the following, the pressure profiles of four cases (SBW, BWSAT, BWLAT and BW) are discussed based on the pressure distributions shown in Figure 3 . Pressure values represent the local maximum peak pressure at specified locations. The boundary conditions of all four cases are determined based on the classification according to the breaker type on the vertical part. The boundary region of Once the maximum pressures on the vertical or horizontal part ‫(‬ ଵ or ‫‬ ௩ଵ ) are known, the relations for ‫‬ ଷ ‫‬ ଵ ⁄ , ‫‬ ଵ ‫‬ ௩ଵ ⁄ , and ‫‬ ଶ ‫‬ ௩ଵ ⁄ can be determined. Figure 6a shows the relation between maximum local peak pressures at the toe of the vertical part ‫(‬ ଷ ) and maximum local peak pressures at the SWL ‫(‬ ଵ ). An exponential relation between ‫‬ ଷ and ‫‬ ଵ is observed. The results are compared to the theoretical expression of Goda (1974) for pulsating waves. The Goda values are calculated under the same geometric and hydrodynamic conditions. Even Goda's method slightly underestimates the small value of ‫‬ ଷ . One should bear in mind that Goda's method is developed for pressure distributions at the time of maximum horizontal force on a simple vertical wall which will be slightly different. The proposed line merges with Goda line for most of the ‫‬ ଵ values. The Equation 6 represents the mean of the present data by a standard deviation s=0.2057. Figure 6b shows the relation between ‫‬ ଵ and the maximum pressure on the horizontal part ‫(‬ ௩ଵ ). ‫‬ ௩ଵ values are calculated from sensor 8 which is the sensor closest to the vertical part (see Figure 1 ). In the case of SBW, the wave tends to break but the water level at the wall accelerates fast and results in an incomplete breaking due to the presence of the wall. Therefore, most of the energy reflects from the wall and the structure is subjected to pulsating loads. The magnitude of this pulsating pressure does not exceed 8 kPa. However, the accelerated vertical component collides on the horizontal part as an uprising water jet. This water jet results in a very high impact pressure (up to 125 kPa). For very small values of ‫‬ ଵ and ‫‬ ௩ଵ , a linear relation is observed and this relation extends up to the maximum quasistatic pressure of ‫‬ ଵ . Hence, a constant value of ‫‬ ଵ for longer values of ‫‬ ௩ଵ may be assumed (Equation 7). Figure 6c expresses the relation between the maximum pressure at the upper corner of the vertical part ‫(‬ ଶ ) and ‫‬ ௩ଵ .The values of ‫‬ ଶ are calculated from sensor 7 (see Figure 1) . The impact force due to the water jet rising on the vertical part is the driving force for both pressures. The water jet first hits beneath the horizontal part and then influences the measurements at sensor 7. Therefore, measured ‫‬ ௩ଵ values are significantly higher than ‫‬ ଶ values. A logarithmic relation (Equation 8 ) is considered for the mean function with s=0.4882. When the clearance is reduced, both ‫‬ ଶ and ‫‬ ௩ଵ values increase. Figure 7b shows the relation between ‫‬ ଵ and ‫‬ ௩ଵ . In this case, the measured quasi-static pressure at ‫‬ ଵ is higher than the magnitude from the previous case. Here waves are breaking early and approaching the vertical part as a mixture of a water-air jet. Therefore, BW creates rather high or even dynamic pressures on the wall. However, the magnitude of ‫‬ ௩ଵ is lower than the measurements in SBW which is due to the damping effect of air content. The following relation (Equation 10 ) is proposed between ‫‬ ଵ and ‫‬ ௩ଵ and the logarithm in Equation 11 represents the relation between ‫‬ ଶ and ‫‬ ௩ଵ with and s=0.2889. In this case, waves collide on the vertical part with a more or less parallel face and only a little amount of air is enclosed. Due to the impact effects, the wave crest breaks up into small droplets and the enclosed air compresses and bursts upwards. The breaking wave creates high dynamic impacts both on the vertical and horizontal parts. The relation between ‫‬ ଷ and ‫‬ ଵ is shown in Figure 8a and the results are compared with the theoretical line derived from the method in Oumeraci et al., 2001 (PROVERBS method) . The theoretical line represents the best fit line in the low ‫‬ ଵ region, and it overestimates ‫‬ ଷ values in the high ‫‬ ଵ region. Equation 12 represents the mean of the present data with s=0.2614. Figure 8b represents the relation between ‫‬ ଵ and ‫‬ ௩ଵ which is an inversely proportional relation. Normally, in BWSAT condition, high dynamic pressures are expected both on the vertical and horizontal part for the same wave. However, when a single wave perfectly breaks on the vertical part, it only creates a high impact pressure on the vertical part. Because it loses most of its energy on the vertical part and breaks in to small droplets, it results in relatively low pressures on the horizontal part. Equation 13 shows upper envelope function at 99.6% of non-exceedance level between ‫‬ ଵ and ‫‬ ௩ଵ .
‫(݈݊‬
(13) Figure 8c shows the relation between ‫‬ ଶ and ‫‬ ௩ଵ . As described earlier, the pressure at the location of ‫‬ ଶ is an indirect effect of the impact occurring on the horizontal part. Hence, the latter follows a trend parallel with the increase of ‫‬ ௩ଵ . However, it only increases up to a certain value. Beyond this value water cannot compress because one side is open and the water deflects through the open side. Equation 14 represents the formula of the mean line with s=0.268.
Data related to the BWLAT case required more analyses. Therefore, in this chapter we are not suggesting any formula for this particular case.
CONCLUSION
The pressure distribution due to the violent water wave impacts on a vertical wall with an overhanging horizontal cantilever slab is analyzed based on the results of breaking waves. Both the location and the magnitude of ‫‬ ௫ on a vertical structure with an overhanging horizontal cantilever slab are determined. On the vertical part, the non-dimensional term ‫ݖ(‬ ௫ ݄ ௦ ⁄ ) for the location of ‫‬ ௫ is gradually decreasing from a point above the SWL to a point below the SWL with the increase of ݄ ௦ .
Proper determination of the boundary conditions for the region of dynamic pressures is quite important to develop a reasonable design method. The boundary expressions for the interval of normalized wave height, The spatial distribution of local ‫‬ ௫ both on the vertical and horizontal part for cases SBW, BWSAT and BW are analyzed. For the pressure profiles, local ‫‬ ௫ at SWL and at the top and bottom of the vertical part ‫(‬ ଵ , ‫‬ ଶ and ‫‬ ଷ ) and at the attached corner of the horizontal part ‫(‬ ௩ଵ ) are considered. For each case, the relation for ‫‬ ଷ ‫‬ ଵ ⁄ , ‫‬ ଵ ‫‬ ௩ଵ ⁄ , and ‫‬ ଶ ‫‬ ௩ଵ ⁄ are determined. In SBW, a linear relation is observed between ‫‬ ଷ and ‫‬ ଵ which complies with the theoretical expression of Goda (1974) . In addition, the relation between ‫‬ ଵ and ‫‬ ௩ଵ is also linear for very small values of ‫‬ ௩ଵ and it is constant for higher values of ‫‬ ௩ଵ . Furthermore, a logarithmic relation is fitted for the upper envelope line between for ‫‬ ௩ଵ and ‫‬ ଶ .
In BW conditions, the relation similar to the case of SBW is observed between ‫‬ ଷ ‫‬ ଵ ⁄ , ‫‬ ଵ ‫‬ ௩ଵ ⁄ , and ‫‬ ଶ ‫‬ ௩ଵ ⁄ . The measured quasi-static pressure ‫‬ ଵ is higher than the measurements in the previous case. However, the pressure magnitude of ‫‬ ௩ଵ is lower than the measurements in SBW which is due to the damping effect of air content.
The boundary region of BWSAT lies between Equation 2 and Equation 3 and dynamic pressures are measured in this case. A logarithmic relation is proposed between ‫‬ ଷ and ‫‬ ଵ and it is compared with the theoretical line derived from the method in PROVERBS. The theoretical line represents the best fit line in the low ‫‬ ଵ region, and it over estimates ‫‬ ଷ values in the high ‫‬ ଵ region. In addition, an inverse relation is observed between ‫‬ ଵ and ‫‬ ௩ଵ . Finally, the relation between ‫‬ ଶ and ‫‬ ௩ଵ is studied and a logarithmic relation is proposed.
